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Microwave Breakdown. Measurements of the ionization coefficient t, defined
by the equation = v~/DE2 , where vi is the ionization rate per electron,
D is the electron diffusion coefficient, and E is the rms electric field,
have been made on air whose moisture and carbon dioxide content had been
removed by a liquid-nitrogen trap. This gas has proved to be much more
reproducible than helium because of the relatively small effect of uncontrolled
impurities. The helium measurements reported in the last progress report
were useful for comparison with kinetic theory results where only qualitative
agreement is expected. The air data, because they are much more accurately
reproducible, now allow us to check the proposed basic mechanism of the
discharge, the balance of ionization against diffusion.
To this endbreakdown voltages have been measured in coaxial
cylinders where the boundary geometry and electric field configuration are
altered drastically. The breakdown voltage has been predicted by numerical
integration of the differential equation for the electron-density function,
and also by an approximate theory which agrees very closely with the more
exact numerical integration. These theoretical results, based on ionization-
rate measurements made in essentially parallel-plate cavities, agree to about
six per cent with the measured values. This is within the experimental
precision. Such agreement serves to establish more firmly the principle that
breakdotm is based on the replacement of diffusion losses by ionization by
collision, which has been the basis of all microwave breakdown work in this
laboratory.
Techniques for integrating the diffusion equation for the field
variation encountered in the TM0 1 0 -mode cavity have been worked out, involving
the hypergeometric functions. These calculations have not yet been compared
with experiment.
Investigation of Distribution Functions for Electrons in Gases. Considerable
progress has been made in the derivation of the velocity distribution func-
tion for electrons in helium. The method used is the solution of the dif-
ferential equation derived from the Boltzman transport equation, including
all significant effects by which electrons are produced in, or removed from,
a gas to which a high-frequency electric field is applied.
Helium has an excitation potential of 19.75 volts. If the
helium is slightly contaminated with mercury, which has an ionization level
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of 10.4 volts, excited helium atoms immediately ionize mercury molecules;
therefore to a good approximation helium has an infinite probability of
ionization at a potential of 20 volts. When this is put into the production-
rate term of the transport equation, the resulting differential equation is
very complex. We consider two cases (1) the mean free path a constant and
(2) the mean free path a function of velocity.
In case (1), the equation may be solved exactly when either the
frequency of the applied electric field is considerably greater than the
collision frequency (high-frequency case) or when it is considerably less
(low-frequency case). In the high-frequency case the resulting differential
equation is transformed into the confluent hypergeometric equation in an
energy variable, and in the lor frequency to a confluent hypergeometric
equation in (energy)2 . By putting these expressions for the distribution
function thus obtained into the appropriate kinetic theory fromulas, expres-
sions have been obtained for vi/Dp2, where vi is the ionization rate, D the
diffusion coefficient, and p the pressure. For high frequency vi/D 2 is a
function of Ap and EX, r1-here A is a length depending only on the geometry of
the tube, E the electric field strength, and A is the wavelength of the
electric field oscillations. For low pressures vi/Dp2 is a function of
E/p and Ap.
In case (2) we assume that the mean free path is proportional
to the velocity, an assumption which is very close to reality for helium-.
In this case the equation has been solved exactly for all frequencies and
the distribution function obtained in terms of the confluent hypergeometric
function in energy. By combining this result with kinetic theory formulas,
v~/DE2 has been found as a function of Ap, E/p, and E. This is now being
computed for various values of the parameters in order to compare with
experiment.
This second solution is theoretically superior to that found
for case (1), but is somewhat more complex and more difficult to compute.
This, combined with the fact that,as far as we now know, the case (1)
solutions are very good for the range of variables over which they are
valid, warrants their use for some purposes.
Complex Conductivity of Ionized Medium. The conductivity of an ionized gas
ac is defined as the ratio of the electron-current density to the electric
field. This conductivity is complex and thus represents the fact that the
electron current has components in and out of phase with the electric field.
An experiment is under way to measure a- as a function of pressure andc
electron concentration in helium. The problem has been greatly complicated
by the fact that the conductivity c~ is proportional to the electron con-
centration n which is itself a function of position within the ionized gas.
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In our experiment a reentrant cavity is arranged so that the
discharge takes place in a region between circular parallel plates over which
the electric field is sensibly constant as in Fig. II-1.
REGION OF DISCHARGE
Fig. II-1. Reentrant cavity.
When the discharge is on, its over-all conductance Gd and
susceptance Bd can be measured as the power fed into the discharge is varied.
The methods of doing this are fully described in an ensuing technical report
of the Laboratory and will not be given here. The difficult part is to
determine a- from the measurements of Gd and Bd. The problem is illustrated
in Fig. 1I-2. The discharge takes place between circular parallel plates -of
radius ro and spacing 8.
r=O
x=6O
x=0
r
Ir dr
dx
Fig. 11-2. Section of parallel-plate region.
The electron concentration is a function of x being zero at
x=0, 8, and a maximum at x=8/2. There is an r-dependence also, since the
discharge often confines itself to a column of radius less than ro, so that
c = or + jai is a function of x and r. The compelling reason for choosing
this simple geometry is that 8 and ro can be made small compared to a wave-
length and this makes possible the following computation of impedance.
The admittance associated with a circular slab of thickness
dx is
S ro r + J(+wco) r dr
dx
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in which the jwc o term is the imaginary conductivity coming from the ratio
of displacement-current density to electric field. The impedance of the
slab is of course the reciprocal of (1) so that the total impedance between
the plates is
Z = ax (2)
o 2n' r+J(ai+wco)]r dr
0
Actually Z = = 1 (3)
Gd+JB
When we experimentally measure the susceptance of the discharge
Bd, we automatically have subtracted out the susceptance of the gap without
the discharge,
B = o (4)
wheras Eq. (3) includes this susceptance; that is
B = d + B . (5)
Combining these, we obtain
1 2 dx (6)d + J(Bd + " 8 ... o
Gd + j (B d+ 2TTf Pr + J(o-i+wnc0) r dr
0
as the equation for Gd and Bd in terms of cr(x,r) and ei(xr). When one
makes the approximation ai and r << wco, Eq. (6) is greatly simplified.
This assumption is not justified, ho7ever, as it turns out that both a-
and 0i are often larger than we o . One can proceed ~rith (6) directly if
assumptions are made with respect to the spatial distribution of the
electrons. The electron distribution is assumed to be sinusoidal between
the plates, being zero on each and a maximum in the middle. The r-dependence
can be handled quite generally, The integral in (6) can then be worked out.
The assumption is made that both cr and i are pronortional to the electron
concentration, the ratio of ei to -, being a function of the kind of gas
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and the pressure. One is able to plot Bd vs. Gd . These quantities will
trace out a path on the admittance plane as the electron concentration is
increased. Various values of the ratio of or to ci will correspond to
different paths on the admittance plane. The computed paths are shown in
Fig. 11-3. An interesting fact is that the over-all susceptance of the
Fig. 11-3. Calculated discharge admittance curves.
discharge can change sign at sufficiently high electron concentrations.
The experimentally measured curves have the same qualitative
form as those of Fig. 11-3, but differ in scale factors. Several new
cavities are being investigated in an effort to find one which allows more
accurate experimental measurements of Gd and Bd. It would be particularly
advantageous to vary the external Q (or cavity admittance) during the
experiment over a factor of 20 or so, but such a cavity has not been
realized.
Transient Discharge Characteristics. Methods of Measurement. The transmis-
sion method of measuring transient discharge characteristics, described in
Technical Report No. 34, is rather difficult to analyze theoretically. An
alternate method for studying the transient rroperties of ionized gases has
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been developed. The newly developed reflection nethod lends itself to a
simple and straightforward analysis so that we are certain that we are
measuring the desired quantities.
Consider a cavity and a length of transmission line coupled
into the cavity by means of a coupling loop as in Fig. II-4. At resonance
Fig. LI-4.
the line appears to be terminated in a pure resistive load. A standing-
wave pattern is set up with minima occurring every half wave down the line.
Suppose a slab of dielectric is inserted in the cavity, then the resonant
frequency would change and consequently the locations of the resonant
minimum positions of the standing-wave pattern.
If free electrons are present in the cavity, they act as a
negative dielectric, altering the resonant frequency of the cavity in
proportion to their concentration. In order to obtain data to measure their
effect, it is necessary to know at which points in the line the resonant
minima are located as a function of the resonant frequency of the combina-
tion of cavity and electrons. We obtain this curve in the following way:
The cavity is shorted by some means (e.g. a metal post is inserted at its
center) and by using a standing-wave detector and slotted section one meas-
ures the location in the line of a particular minimum as a function of the
frequency of the signal incident upon the cavity. These are the minimum
positions for the anti-resonance conditions of the cavity. The locations
of the minimum for the resonance condition are obtained from this curve by
adding or subtracting a distance equal to one quarter wavelength. A
straight line is obtained as in Fig. 11-5. The use of this curve is
described in the following paragraphs.
POSITION OF
S.W MINIMUM
AT RESONANCE
FREQUENCY
Fig. 11-5. Position of standing-wave minimum as a function of frequency.
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The apparatus used in the reflection method is shown in
Fig. 11-6. The cavity containing the quartz bottle into which gas samples
CAVITY
TO
IACUUM
SYSTEM
TY
Fig. II-6. Simplified block diagram of reflection-method apparatus.
are introduced is at the right. The cavity is coupled to the line by a
loop, and a slotted section is placed adjacent to the cavity. The signal
from the pickup probe of the slotted section is applied to the mixer of the
microwave receiver. The magnitude of this signal as a function of time is
displayed on the calibrated sweep of the oscilloscope.
A.discharge is initiated in the quartz bottle by means of a
large r-f pulse from the magnetron at the left. After 100 lisec the dis-
charge is terminated by turning off the magnetron. The discharge remains
off for 4000 sec while measurements of the varying electron density in the
bottle are made. A small c-w signal is incident on the cavity from the
left. The resulting standing-wave pattern set up in the line is picked up
by means of the slotted-section probe.
Suppose the c-w signal is set to a frequency higher than the
resonant frequency of the cavity when "empty", and the standing-wave detec-
tor probe is set at the resonant minimum position corresponding to this
frequency (see Fig. II-5). On account of the change in the electron
density in the cavity, its resonant frequency changes. At first the resonant
frequency is above the signal frequency, but as time passes the resonant
frequency approaches the signal frequency and thus passes below it.
Simultaneously the position of the minimum of the standing-wave pattern
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changes location because of the changing impedance in the line. When the
cavity resonates with the signal frequency, the minimum of the standing-
wave pattern is at the probe position. As the impedance changes off
resonance, the minimum moves away from the probe. Thus at the time at
which the cavity resonant frequency equals the c-w signal frequency the
minimum of the standing-wave pattern passes the pickup probe and a dip in
the response on the scope is noted.
From a series of measurements obtained with several different
signal frequencies the change in the resonant frequency, A, as a function
of time is determined. Since A is linearly related to the electron
density over a limited range, one can determine the desired gas constant
(e.g. the ambipolar diffisuion coefficient for helium) from the decay
constant of the curves.
The simplicity of this method lies in the fact that the
impedance of the various components to the left of the slotted section do
not enter into the problem. In addition, this experiment may be extended
very easily to measure the Q of the cavity as a function of time. From
this measurement, additional information about the gas under study may be
obtained.
Transient Discharge Characteristics. Effect of Impurities on Measured Values
of Ambipolar Diffusion Coefficient. Since the reflection method described
above seems to be satisfactory for determining the ambipolar diffusion coef-
ficient Da of helium, the remaining obstacles to obtaining final values of
Da seem to be gas purity and vacuum techniques. The present vacuum system
a -5holds at about 10 5 mm. So-called spectroscopically pure helium is used
(it is essentially free from impurities other than other noble gases). How-
ever, the data show a variation of gas composition in the cyclic discharge
with time. As a result, the effect of impurities on the measured value of
the ambipolar diffusion coefficient of helium has been calculated.
Assume that the impurity is present in small concentration
(1 part in 10 or less) and that it removes electrons by attachment. Then
the ratio of the electron collisiorinith attaching atoms to the total number
of electron collisions with both helium and attaching atoms is very nearly
(~e)He/(e)a where te is the electronic mean free path.
For a Maxwellian energy distribution the removal rate of
electrons due to attachment is given by
= - n (1)
dt ( e'a)
where h is the number of attachments per collision with an attaching atom
and n is the electron density.
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The equation controlling the diffusion and attachment process
becomes
Da 2 n - Hn = n (2)
where Da is the ambipolar diffusion coefficient of pure helium and
H = - e (3)
Assuming exponential decrease of electron density with time,
n = noe-t/ (4)
we find that the mean decay time T is given by
1+ (5)
where TD would be the decay time if only pure helium were present and the
removal process were ambipolar diffusion, and Ta the decay time for the
removal of the electrons if the attaching gas alone were present in a
concentration given by its partial pressure in the actual experiment. The
decay times are given by
T A2  (6)
D  D
where A is a characteristic length of the diffusion bottle. For example,
for a cylindrical bottle of height h and radius R
2 ,2)
From Eq. (1)
( 8kT h(7)
Since one measures t experimentally, while it is tD that we
need in order to determine Da, we must investigate the error introduced
by impurities, that is, the effect of Ta
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If an impurity of 1 part in 105 which has an attaching proba-
bility h - 10- 3 is assumed, the error introduced into the determination of
Da is at most about 1 per cent for electrons of energy 0.03 ev. From this
result we may conclude that very good vacuum technique and carefully pre-
pared gas samples are necessary to give accurate measurements of the ambi-
polar diffusion coefficient.
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